Background and Aims The regrowth dynamics after defoliation of the invasive grass Calamagrostis epigejos were studied. As nitrogen (N) reserves have been shown to play an important role during plant regrowth, the identity, location and relative importance for regrowth of N stores were determined in this rhizomatous grass.
I N T R O D U C T I O N
Plant adaptations to defoliation include a suite of morphological and physiological responses (Richards, 1993) . The ability of plants to use internal stores of carbon (C) and nitrogen (N) to re-establish photosynthetically active leaf area rapidly and to supply maintenance demands of the remaining organs is one of the key factors affecting plant survival during the first days of regrowth (Volenec et al., 1996) . Regrowing plants may be limited more by N than by C stores, since N uptake can be severely reduced or stopped for several days following defoliation (Clement et al., 1978; Jarvis and Macduff, 1989) .
Organic nitrogen and nitrate represent the major stores of N in plants (Millard, 1988) . In grasses, free amino acids have been shown to play an important role in N storage (Nordin and Näsholm, 1997; Gloser, 2002) , but a decrease in the soluble protein content coupled with an increase in the proteinase activity after defoliation has suggested a significant role for soluble proteins in supplying N for regrowing leaves in the grass Lolium perenne (Ourry et al., 1989) . Specialized vegetative storage proteins (VSP; Staswick, 1994) have been identified in several herbaceous and tree species (Hendershot and Volenec, 1993a, b; Stepien et al., 1994; Corre et al., 1996) , but were not found in L. perenne (Louahlia et al., 1999) . No other grass species has been studied in this respect.
Calamagrostis epigejos is a perennial rhizomatous grass that is expanding vigorously into many natural and seminatural habitats in Eurasia, changing plant community composition. Attempts to reduce the abundance of C. epigejos by cultivation or burning are usually not successful since site disturbance can actually enhance its spread (Rebele and Lehmann, 2001 ). On the other hand, from forest management practices, it is known that selective mowing reduces the competitiveness of C. epigejos (Rebele and Lehmann, 2001 ). However, knowledge about recovery from defoliation for this species is limited to field observations (Jakrlová and Sedláková, 1998; Rebele and Lehmann, 2002 ). An analysis of physiological mechanisms underlying the response of C. epigejos to defoliation is lacking. Levels of N-compounds in C. epigejos have shown seasonal dynamics (Gloser, 2002) that are typical of N reserves in perennial species (e.g. . For instance, the content of free amino acids and soluble proteins in overwintering organs of C. epigejos halved during the first month after the onset of growth (Gloser, 2002) , suggesting an extensive use during spring regrowth in field conditions. However, knowledge of the use of N stores in rhizomatous grasses after defoliation is limited.
In this study, the regrowth dynamics of C. epigejos plants after a single severe defoliation were analysed. The aim was to determine the identity, location and relative importance for regrowth of N stores in this rhizomatous grass. 
M A T E R I A L S A N D M E T H O DS

Plant material and growth conditions
Caryopses of Calamagrostis epigejos were collected in a forest near Brno, Czech Republic. They were sown in containers filled with washed quartz sand and the resulting seedlings were transferred into aerated hydroponic culture 3 weeks after sowing. The modified Hoagland's solution used contained 603 mM Ca(NO 3 ) 2 , 795 mM KNO 3 , 190 mM KH 2 PO 4 , 270 mM MgSO 4 , 2 mM MnSO 4 , 0Á85 mM ZnSO 4 , 0Á15 mM CuSO 4 , 20 mM H 3 BO 3 , 0Á25 mM Na 2 MoO 4 and 40Á5 mM FeNa-EDTA. Twelve plants were grown in each of 7 L plastic containers and the nutrient solution was renewed weekly. The pH of the nutrient solution was kept at 5Á8 by regular adjustment with sulphuric acid. Growth chamber conditions were 338 6 16 mmol m À2 s À1 photosynthetically active radiation and 20/15 C (16 h light/8 h dark).
Defoliation and harvests
Plants were defoliated at 5 cm above the shoot/root junction 7 weeks after germination. Four plants were sampled immediately before defoliation (day 0) and then at 2, 4, 6, 11 and 21 days after defoliation. Harvests started 6 h into the light period. The length of the shoot was measured as the distance between the tip of the longest leaf and the shoot/root junction, and the leaf area of the whole plant was determined as the sum of areas of all leaf blades from digitalized images. Plants were separated into roots, rhizomes, stubble (basal 2 cm of the shoot, composed mainly of leaf sheaths), leaf sheaths and leaf blades. Samples were frozen in liquid nitrogen, freeze-dried, ground, and stored at À20 C.
Specific nitrate uptake rate (NUR) and root respiration rate Four individual plants, randomly selected for subsequent harvesting, were transferred into 300 mL cylinders filled with aerated nutrient solution 18 h before NUR measurements. An open-flow system supplied nutrient solution continuously so that the nitrate concentration was maintained constant. After plant acclimation, the flow of the nutrient solution was stopped and nitrate depletion in the solution was measured. Measurements started 4 h into the light period on days 0, 2, 4, 6 and 11 after defoliation, but were not done on day 21 because the roots were too big to fit available cylinders. Samples of the solution were taken at the beginning and at the end of the 2-h exposure and nitrate concentration was determined colorimetrically (Cataldo et al., 1975) . Root respiration was measured on the same plants immediately after NUR measurements. An excised root sample was placed in an airtight cuvette equipped with a Clark-type oxygen electrode (Labio, Praha, Czech Republic), filled with stirred, air-saturated nutrient solution maintained at 20 C. The rate of decrease of oxygen concentration in the solution was measured polarographically for 20-30 min (Lambers et al., 1993) .
Chemical analyses
N-compounds were extracted from plant material with 50 mM phosphate buffer (pH 7Á6); nitrate content was determined colorimetrically (Cataldo et al., 1975) ; soluble proteins were assayed according to Bradford (1976) using BSA as a standard; and the content of free amino acids was estimated using a reaction with ninhydrin, with leucin as a standard (Rosen, 1957) . Before the analysis of amino-N, proteins were precipitated with 5 % sulphosalicylic acid to prevent interference with the assay. Total water-soluble carbohydrates (WSC) were determined according to Schnyder and de Visser (1999) . N-compound contents were expressed per unit structural dry weight, estimated as the difference between total dry weight of the sample and its WSC content.
Electrophoresis of soluble proteins. Soluble proteins from 100-150 mg of freeze-dried samples were extracted twice with 3Á5 mL of 50 mM Tris/Cl buffer (pH 7Á5, 10 mM leupeptin, 100 mM dithiothreitol, 1 mM EDTA). After centrifugation (11 000 g, 10 min), the two supernatants were combined. Nucleic acids were precipitated with protamine sulphate (1 mg mL À1 ) and the pellet was discarded after centrifugation (30 000 g, 10 min). Proteins in the supernatant were precipitated by the sodium deoxycholatetrichloracetic acid method (Peterson, 1983) . The protein pellet was washed with ice-cold acetone, dried and stored at À70
C. All procedures were carried out at 4 C. The pellet was resuspended in the sample buffer (5 min, 100 C). Because of large changes in total protein content, and for comparison with published results, root extracts were selected for analysis of changes in protein composition. SDS-PAGE was run according to Coligan et al. (1995) on the Protean II xi Cell system (Bio Rad, USA). One well was used for molecular weight markers (Molecular Weight Standard Broad Range, Bio Rad, USA). Equal amounts of total soluble protein were loaded. Gels were silver-stained according to Damerval et al. (1987) and scanned (Personal Densitometer SI, Molecular Dynamics, USA). Quantitative image analyses were run in ImageQuant (Molecular Dynamics, USA).
Statistics
Data were analysed in STATISTICA 5Á5 (Statsoft Inc., Tulsa, USA) in the module 'General Linear Model'.
The homogeneity of variances between groups was checked with Hartley's and Cochran's tests, and normality of residuals with K-S and Shapiro-Wilk's test. Heterogeneous data sets were transformed. Comparisons between control values of plants just before defoliation (day 0) and the data of defoliated plants during regrowth (day 2-day 21) were based on the Dunnett test.
R E SU L T S
Plant growth and morphology after defoliation
Defoliation removed all leaf area, and resulted in a low leaf mass ratio of 0Á02 kg blade kg À1 total plant mass 2 d after defoliation. A 22 % decline in the total plant dry weight occurred between day 2 and day 6 of regrowth (P < 0Á05; Fig. 1A ), despite the fact that the mass of leaf blades was increasing. This initial decline in the total plant biomass was due to a slight decrease in the dry weight of all remaining organs (Table 1) . Thereafter, plant biomass increased rapidly and, after 21 d of regrowth, the plants had 50 % more total dry weight than plants harvested just before defoliation (P < 0Á05). Leaf area per plant after 21 d of regrowth was 64 % higher than in plants just before defoliation (P < 0Á05; Fig. 1B) , and the number of leaves per plant had doubled (an increase from 45 to 95 leaves per plant, data not shown). However, the shoot length after 21 d of regrowth was reduced by 23 %, compared with the value before defoliation (P < 0Á05; Fig. 1C ).
Specific nitrate uptake rate and root respiration rate
Defoliation reduced the NUR in the first 2 d after defoliation to less than 1 % of the NUR of plants just before defoliation (P < 0Á05; Fig 2) . NUR was negative 4 d after cutting and started to recover from day 6 after defoliation. Since root respiration rate was also reduced during the first 4 d of regrowth (P < 0Á05; Fig. 2 ), root respiration rate and NUR were positively correlated (r = 0Á90, P < 0Á05; Fig. 2 ).
Content of N-compounds and water-soluble carbohydrates
Defoliation had immediate effects on the content of N-compounds, which were specific to both compartment and N-compound (Fig. 3) . Quantitatively, the most important changes occurred in the content of free amino acids and soluble proteins in the roots, which decreased during the first 6 d of regrowth by 58 % and 54 %, respectively (P < 0Á05; Fig. 3A) . This corresponds to a decrease of 35 mg of free amino acids and 11 mg of soluble proteins per plant ( Fig. 3 and Table 1 ). Although the content of amino acids in the root increased thereafter, it was still significantly lower at day 21 than before defoliation (P < 0Á05).
The nitrate content in roots did not vary significantly between day 0 and day 11 (P > 0Á05).
In the rhizomes, the content of free amino acids increased during the first 4 d of regrowth by 53 % (P < 0Á05; Fig. 3B ). From day 4 to day 21, free amino acids declined to values similar to those of plants just before defoliation (P > 0Á05). Total soluble protein and nitrate contents in rhizomes were effectively constant during the first phase of regrowth.
Free amino acids and nitrate content in the stubble during the regrowth period did not differ from values of plants just before defoliation (P > 0Á05; Fig. 3C ), but soluble protein content decreased by 38 % from defoliation to day 6, which represents 7 mg of soluble protein per plant (Fig. 3C and Table 1 ). Afterwards, it increased steadily.
The content of water-soluble carbohydrates (WSC) was strongly reduced by defoliation in all measured compartments (Fig. 3) . At day 6 after defoliation, WSC content was reduced to 14 %, 25 % and 24 % of the value of plants just before defoliation in roots, rhizomes and stubble, respectively (P < 0Á05).
One-dimensional SDS-PAGE profile of soluble proteins
Major variation in protein content occurred in roots, where total soluble proteins decreased from 18Á7 to 7Á8 mg plant À1 during the first 6 d of regrowth. A representative gel showing the changes in root soluble proteins is shown in Fig. 4 . Changes in the relative abundance of different molecular weight protein bands in the roots occurred. For example, the relative abundance of 63Á5 kDa (initially 2 % of total protein), 55 kDa (4 %), 41 kDa (5 %) and 28 kDa (4 %) bands decreased in the first 2 d after cutting, recovering thereafter.
D I S C U S S I O N
Plant growth and morphology after defoliation
Two distinct phases could be distinguished in the time course of regrowth of C. epigejos plants: 0-6 d, and 6-21 d. During the initial phase the total plant biomass decreased, but it was rapidly restored to pre-defoliation levels by the next week. Plant height was still reduced at the end of the regrowth period, despite the fact that leaf dry weight and leaf area had already surpassed the values of plants just before defoliation. This is consistent with the observation that repeated mowing in field conditions reduced the height of the C. epigejos canopy (Jakrlová and Sedláková, 1998) . Such regrowth dynamics, generally including reduction of individual tiller size, is a common morphological response of grasses to defoliation (Chapman and Lemaire, 1993; Louahlia et al., 2000) . The results of the present experiment show that C. epigejos has a similar morphological response to defoliation to that of forage grass species.
The use of internal N stores during regrowth
In the initial phase of C. epigejos regrowth, NUR was reduced to nearly zero. This result is analogous to that found in Lolium perenne grown with a non-limiting external N supply both before and after defoliation (Clement et al., 1978; Louahlia et al., 1999) . The negative value of NUR in the early phase of regrowth may be due to both a reduction in influx and an increase in efflux of nitrate, as for reported for defoliated ryegrass (Macduff and Jackson, 1992) . The root respiration rate of C. epigejos plants was reduced during the first phase of regrowth, as also found in Dactylis glomerata (Davidson and Milthorpe, 1966) . Although the WSC content of the roots decreased after defoliation, there was no correlation between root respiration rate and WSC (P > 0Á10). The 60 % decrease in root respiration rate may be partly related to the reduction in root growth rate (Bingham et al., 1996) , but may also be due to the decrease in NUR, since a substantial proportion of respiratory energy in roots is used for nutrient uptake (Poorter et al., 1991) .
Due to the decrease in NUR, the initial re-establishment of leaf area relied entirely on N-compounds already present in the plant at the time of defoliation. During the initial phase of regrowth, roots were a net source of N, providing most of the mobilized N, as shown by the $50 % decrease in free amino acids and soluble protein content in roots of defoliated plants (Fig. 3) . Similarly, in the grass Festuca rubra, defoliation caused a substantial mobilization of N from roots to growing leaves (Thornton et al., 2002) . Decreases in free amino acids and soluble protein content may have resulted from an increase in mobilization, and/or reduction of synthesis and/or deposition rate and may be related to the observed slow-down in root growth rate. The sampling strategy used may have slightly underestimated the mobilization from the remaining leaf sheath bases, as the stubble was composed of source (sheaths) as well as sink tissue (active leaf meristems), but the predominant net mobilization of N from roots in C. epigejos plants is in agreement with the results obtained in Lolium perenne (Louahlia et al., 2000) .
The role of soluble proteins as a store of N for regrowth Although, quantitatively, the most important changes occurred in free amino acids, the content of total soluble proteins in the roots and stubble of C. epigejos was also substantially reduced in the first days after defoliation. Further, the relative abundance of several root soluble proteins (63Á5, 55, 41 and 28 kDa) decreased (Fig. 4) . A similar decrease in the abundance of specific proteins was also observed in stubble and roots of L. perenne during the first 4 d of regrowth (Louahlia et al., 1999) . Several criteria have been proposed for defining vegetative storage proteins Staswick, 1994) : VSP should be (1) prominent in the protein spectrum, (2) mobilized readily, but (3) should not have an enzymatic function. In both C. epigejos and L. perenne, the detected proteins were not of major abundance in the soluble protein profile, and thus the criteria were not satisfied. The increase in the decomposition rate and/or decrease in the rate of synthesis of soluble proteins in roots following defoliation was selective. However, these proteins were probably involved in inhibited processes (e.g. N uptake and assimilation) rather than constituting true VSP. In contrast to dicotyledons (Hendershot and Volenec, 1993a, b) , VSPs seem to have no relevant role in N storage in grasses.
The role of rhizomes in N storage
Rhizomes can serve as storage organs for C and N in perennial plants with clonal growth (Suzuki and Stuefer, 1999) . However, in the present experiment, rhizomes were not a net source of N. The content of free amino acids in rhizomes increased immediately after defoliation, in contrast to the changes typically observed during reserve mobilization in storage organs (Hendershot and Volenec, 1993a, b) . Moreover, the increase in free amino acids was not accompanied by a concomitant change in soluble protein content. In a previous study, the total amount of N per plant present in rhizomes during the annual cycle was lower than in roots or stubbles (Gloser, 2002) , due to relatively low allocation of biomass to rhizomes. Thus, rhizomes may have an important function in transport of N stores from source organs of mature tillers to young tillers initiated at the distal limits of rhizomes, but they play only a minor role in N storage.
C O N C L U S I O N S
Regrowth dynamics of the rhizomatous grass C. epigejos following severe defoliation included morphological (reduction of plant height) and physiological responses. As in other grasses, internal N stores were extensively used to support leaf (re)growth following defoliation. Mobilized N was mainly free amino acids (from roots), but soluble proteins (from roots and stubble) also contributed. No evidence of VSP was found. Along with prior results, this suggests that VSPs may be of no relevance as N stores for grasses. Likewise, rhizomes were not a source of mobilized N, but they may play an important role in transport of stored N between tillers.
